Residue pairs that directly coevolve in protein families are generally close in protein 3D structures. Here we study the exceptions to this general trend-directly coevolving residue pairs that are distant in protein structures-to determine the origins of evolutionary pressure on spatially distant residues and to understand the sources of error in contact-based structure prediction. Over a set of 4,000 protein families, we find that 25% of directly coevolving residue pairs are separated by more than 5 Å in protein structures and 3% by more than 15 Å. The majority (91%) of directly coevolving residue pairs in the 5-15 Å range are found to be in contact in at least one homologous structure-these exceptions arise from structural variation in the family in the region containing the residues. Thirty-five percent of the exceptions greater than 15 Å are at homo-oligomeric interfaces, 19% arise from family structural variation, and 27% are in repeat proteins likely reflecting alignment errors. Of the remaining long-range exceptions (<1% of the total number of coupled pairs), many can be attributed to close interactions in an oligomeric state. Overall, the results suggest that directly coevolving residue pairs not in repeat proteins are spatially proximal in at least one biologically relevant protein conformation within the family; we find little evidence for direct coupling between residues at spatially separated allosteric and functional sites or for increased direct coupling between residue pairs on putative allosteric pathways connecting them.
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protein coevolution | structural variation | homo-oligomeric contacts N atural proteins tread a delicate balance between maintaining structural stability and carrying out their biological function. The amino acid sequence covariation in evolutionarily related proteins arises from protein structural, functional, and stability constraints, and methods have been developed for predicting residue-residue contacts in protein 3D structures from multiple sequence alignment (MSA) data (1) (2) (3) (4) (5) . These methods disentangle direct couplings between residue pairs from indirect couplings that arise from chaining effects: If A is correlated with B, and B with C, then correlations between A and C will be observed even if A and C do not directly interact with one another. The direct couplings are isolated by expressing the energy of a sequence as the sum of one and two body interactions between residues and then finding values of the one and two body interaction parameters that best account for the observed sequence data; residue pairs with significant two body interaction parameters are considered to be directly coupled. In large protein families many pairs of residues-both close and distant in space-are found to covary because of chaining effects; directly coupled residues, however, are usually close in the 3D structure. There has been considerable recent success in using direct couplings to infer residue-residue contacts for protein structure prediction (6-9), protein-protein complex prediction (10) (11) (12) , identification of specific interaction partners among two sets of paralogous proteins (13) , resolution of ambiguities in protein NMR spectra (14) , identification of structurally ordered regions within intrinsically disordered proteins (15) , modeling of conformational changes (16, 17) , and modeling homo-oligomeric complexes (18, 19) .
However, not all directly coupled residues are close in the 3D structure. It has been proposed that coevolution between distant sites can arise from residue-residue interactions through allosteric interaction networks (20) , negative design (21), codon effects (22) , and spurious phylogenetic correlations (23, 24) . Although previous work has examined individual cases in which pairs of directly coevolving residues are distant in the 3D structure, we are not aware of any comprehensive analysis over the protein structure database of the contributions to such potential contact mispredictions.
Coevolution-based structure prediction methods will become even more powerful as more genomes are sequenced, and it is important to understand possible sources of error as well as to gain general understanding of the sources of direct evolutionary coupling between residue pairs. In this paper, we systematically study the extent and source of direct coupling between residues distant in protein 3D structures in the Protein Data Bank (PDB). We find that almost all such coupling can be traced to direct physical interactions in at least one physiologically relevant conformation in the protein family.
Results and Discussion
Distances Between Coevolving Residue Pairs. To investigate the origins of direct evolutionary coupling of residue pairs in protein 3D structures, we focus on the 0.5 × (protein length) most strongly coupled pairs identified by GREMLIN separated by more than six residues in the primary sequence. As found previously, the fraction of these pairs that are close in the 3D structure (shortest distance between heavy atoms less than 5 Å) increases with increasing number and diversity of the sequences in the family ( Fig. 1A; we use M eff defined in Methods to summarize both effects). As the Significance Coevolution-derived contact predictions are enabling accurate protein structure modeling. However, coevolving residues are not always in contact, and this is a potential source of error in such modeling efforts. To investigate the sources of such errors and, more generally, the origins of coevolution in protein structures, we provide a global overview of the contributions to the "exceptions" to the general rule that coevolving residues are close in protein three-dimensional structures. , the contact prediction accuracy saturates and remains almost constant regardless of the size of the protein (with smaller numbers of sequences, prediction accuracy is smaller for larger proteins) (Fig. 1A) . Hence, in the following analysis, we focus on a subset of 3,883 proteins with at least 10 3 effective sequences in the MSAs. This paper is focused on residue pairs that are strongly coupled but are not close in the 3D structure-we refer to such pairs as "exceptions" throughout the text. A first possible source of exceptions is inaccuracy in the 3D structures-residue pairs that are not close in the structure may indeed be close. To investigate this possible contribution, we determined the dependence of the frequency of exceptions on structure quality. For families with M eff > 10 3 , the frequency of exceptions increases as the X-ray structure resolution decreases (Fig. 1B) , suggesting that structure inaccuracy does contribute to the exceptions. Exceptions are also higher in solution NMR structures than in high-resolution X-ray structures (Fig. 1C ). Although NMR structures avoid possible artifacts due to crystal contacts present in X-ray structures, overall this trend suggests these artifacts do not outweigh the overall increased accuracy of high-resolution X-ray structures for which the experimental data are generally considerably more extensive and less ambiguous.
Comparison of the fit of the coevolutionary direct coupling data to structures with moderate resolution ∼3 Å suggests that the data can improve model refinement. The multiple different structures solved for the ribosome and the many proteins they contain provide many examples (Fig. S1 ). For instance, direct coupling-based GREMLIN contact predictions for the 50S ribosomal protein L24 from Thermus thermophilus (Fig. S1 A-C) are clearly more consistent with PDB entry 4V8H than 4V9H, although the latter has higher resolution (2.86 vs. 3.1 Å, respectively). Coevolutionary direct coupling data are also more consistent with the 4V8H structure for four other ribosomal proteins (Fig. S1) .
Several structures stand out in Fig. 1 as having a particularly poor agreement with the predicted contacts: the two cases at the bottom-left corner of Fig. 1C (PDB entries 2HGH and 2JP9) with poorly predicted contacts in both the NMR and X-ray structures, and the two high-resolution structures 4M9V and 1R5M in Fig.  1B . All four of these proteins, as well as many of the others with large numbers of exceptions, are repeat proteins. As has been noted previously (25) , the translational symmetry of repeat protein sequences gives rise to pair correlations between residues not in contact, and hence, GREMLIN incorrectly predicts contacts between segments ( Fig. S2 ). Seventeen percent of the strongly coevolving residue pairs identified by GREMLIN with d min > 15 Å are in repeat proteins; the average contact prediction accuracy for the 99 repeat proteins in the 3883 proteins is 0.62 compared with 0.75 overall. Coevolution-based contact prediction for repeat proteins clearly should be carried out using techniques that explicitly address the coupling arising from the internal sequence repeats (25) .
The analysis in the remainder of the paper focuses on the exceptions in the highest resolution nonrepeat protein X-ray structures where the contribution of structure error is likely quite low. Although only a small fraction of the most strongly coevolving directly coupled residues (the top L/2 residue pairs by GREMLIN score) are distant in the structure, the GREMLIN score distributions for these residues (Fig. S3A , green and blue lines) are more similar to those of actually contacting residues in these proteins (Fig. S3A , red line) than to those of randomly selected residue pairs (Fig. S3A , gray line).
Amino Acid and Distance Distributions of Strongly Coevolving Residue
Pairs. It is instructive to examine the closest heavy atom distance distribution for strongly coevolving directly coupled residue pairs, which contains three local maxima at 2.8 Å, 3.7 Å, and 6.8 Å with a long tail at larger distances ( Fig. 2A) . We consider each of the three maxima and the long tail in turn in the following sections. For each, we examine the distribution of amino acid pairs, represented by a symmetric 20 × 20 matrix where an entry (i,j) represents the frequency of residue (i,j) pairs contributing to the population. The log ratios of the observed to expected frequencies of specific amino acid pairs (Methods) in each distance bin d min ≤ d < d max are depicted in the heat maps in Fig. 2 B-D.
The first peak in the distance distribution in Fig. 2A comprising distances 0 < d min ≤ 3 Å is enriched in residues with charged and polar side chains (Fig. 2B ). These side-chains can form hydrogen bonds, and the mode of the peak at 2.7-2.8 Å is consistent with donor-acceptor distance of hydrogen bonds in proteins. Pairs with the same charge (involving aspartate and glutamate residues, for example) are less likely to make contacts due to electrostatic repulsion (light-red square near the diagonal at D and E positions on Fig. 2B ).
The second peak at ∼3.7 Å is enriched in hydrophobic residue pairs (Fig. 2C) . Approximately 3.7 Å is close to twice the van der Waals radius of the carbon atom; this peak is that expected for interactions between hydrophobic residue pairs. Thus, the first two peaks of the distribution of distances cover direct physical interactions between residues-this is why we chose a 5 Å distance cutoff in this paper for defining exceptions. The positions of the first and second peaks ( Fig. 2A ) and the amino acid compositions of the two peaks (first two bars in Fig. 2E ) are quite similar in the coevolving residue pairs identified by GREMLIN and in PDB as a whole. It may be possible to obtain more accurate contact distance predictions from less sequence data by using the sequence distributions in Fig. 2 B-D to constrain GREMLIN two-body parameter estimates. The third peak in between 5 and 10 Å has characteristics of both the first and second peaks but somewhat less pronounced (Fig. 2D) . Unlike the first and second peaks, the residue composition of this peak is substantially different from that in PDB as a whole in this distance range (third bar on Fig. 2E ). We will return to the origins of this peak and the discrepancy below.
Analysis of Coevolving Residue Pairs at Longer Distances. Twenty-five percent of coevolving directly coupled residue pairs are separated by more than 5 Å, and 3% by more than 15 Å in the structure. Although only a small fraction of all direct couplings, the absolute number in the latter category is quite significant (12,755 pairs in our high-resolution PDB subset). In the following sections, we examine the origins of these exceptions. Homo-oligomer interfaces. Most proteins in nature perform their functions by interacting with other proteins. Around three-fourths of multimeric biological units in PDB represent homo-oligomeric assemblies (26) , and coevolution occurs at homo-oligomeric interfaces (27) , leading to contact predictions by GREMLIN across interfaces. To determine the contribution of contacts across homo-oligomeric interfaces to the total number of exceptions, we analyzed GREMLIN direct couplings in all biological unit files originating from the same PDB entry. In each biounit, we first searched for all chains that share at least 70% sequence identity with the query chain and then checked whether any of the highly coevolving directly coupled residue pairs distant within the monomer were separated by short distances across homooligomeric interfaces. If several biounit files were available for one PDB entry, the one with the highest number of GREMLIN contacts below 5 Å was used as the reference structure. The fraction of the coevolving residue pairs distant in the monomers (exceptions), which interact across homo-oligomeric interfaces, is summarized on Fig. 3A . Thirty-four percent of directly coupled residue pairs that are far apart (d min > 15 Å) in the 3D structure within the monomer make a direct physical interchain contact in homo-oligomers (an arrow from category III to category I in Fig.  3A ). For example, the contact map for the P5CR oxidoreductase (Δ 1 -pyrroline-5-carboxylate reductase) predicted by GREMLIN contains a large group of contacts that are not present in the X-ray structure (PDB entry 1YQG) of a single chain (group of bright red dots on Fig. S4A ). The catalytic unit of this protein is a homodimer, and most of the directly coupled pairs not close in the monomer are close in the homodimer. Interactions across homo-oligomeric interfaces are the primary source of strong coevolution between residue pairs separated by more than 15 Å (Fig. S5) . Structural variation. The MSAs from which GREMLIN and other methods identify strongly coevolving residue pairs contain information on all members of the family, and evolutionary coupled residue pairs that are not close in a structure of one family member may be close in another. Thus, structural variation within a protein family could account for some fraction of the exceptions. Indeed, 81% of the exceptions at distances of 5-15 Å (II → I arrow on Fig. 3B ) are less than 5 Å apart in at least one homolog structure, and 19% of the exceptions at distances >15 Å ( Fig. 3B ; we chose to separate exceptions above and below 15 Å into two classes as homo-oligomer interfaces dominate the former and structural variation the latter). The shift of strong residue pairs toward shorter distances in homologs is much greater than for residue pairs selected at random (Fig. S6B) : Although some nonvanishing transitions occur between adjacent distance bins, reductions to d min < 5 Å (II → I and III → I arrows in Fig. S6B ) are much less pronounced than for strongly coevolving sites.
Examples of exceptions arising from structural variation are shown in Fig. 3E . The majority of strongly coevolving residue pairs that are not in contact in the X-ray structure of the α-mannosidase (PDB entry 4AYO) do interact directly in one of the five homologous structures (Fig. 3E) . Unlike interchain contacts in homo-oligomers (Fig. S4A) , this type of exception is spread all around the contact map (Fig. S4B) as small structural variations within the family can occur throughout a structure. Errors arising in contact-based structure prediction from this class of exceptions are likely to correlate with structural variation in the family.
Structural variation with a protein family is also likely responsible for the third mode at ∼7 Å in the distance distribution on Fig. 2A : Strongly coupled residue pairs that do not make a direct physical contact in the input PDB structure but are still relatively close in space are likely to interact directly in one of the homologs (transitions II → I in Fig. 3B have 81% probability). Structural changes that bring such residues in contact likely are accompanied by change of identities of the corresponding amino acids to make a contact favorable, explaining why the residue pair composition matrix for this mode (Fig. 2D) resembles the superposition of the matrices for the two shorter modes. This resemblance is even stronger when one considers the full sequence variation in each MSA (Fig. S7) rather than just the sequences of the query PDB files. Conformational change is a special case of the structural variation explanation for exceptions. If two or more structures have been solved for the same or very closely related protein sequences, and the different structures represent different functional conformations of the protein, then a directly coupled pair that is an exception when referred to one structure may be close in space in another. To identify such pairs, for every query protein, we identified protein chains with sequence identity >95%. Only a small fraction of strongly coevolving residue pairs are associated with conformational changes that lead to substantial spatial reorganization of the protein structure (longrange transitions III → I in Fig. 3C occur with only 0.5% probability). An example is shown in Fig. 3F . The Sfp protein is responsible for activation of the peptidyl carrier protein (PCP) domains of surfactin synthetase by transferring the phosphopantetheine group from CoA to the PCP domain. Upon binding to PCP, two α-helices relocate, and a β-hairpin at the C terminus changes orientation (shown by arrows on Fig. 3F ). Residue pairs that come in contact as the result of this structural rearrangement exhibit strong direct couplings (red dots on the contact map, Fig. S4C ).
About half of the directly coupled residue pairs that are distant in the query protein can be attributed to either interactions across interfaces or structural variation within families (Fig. 4 and Fig.  S5 ). Unlike the repeat protein case, these exceptions are not spurious as they contain information on homologous protein structures or on homo-oligomeric assemblies. The classification of exceptions as due to structural variation within a family is clearly sensitive to the number of structures that have been solved for family members. In families with hundreds of structures solved, structural variation can explain up to 95% of short-distance and 45% of long-distance exceptions that are unexplained by other sources (Fig. S8) . By extrapolation, if all families had this many members with known structures, around three-fourths of longdistance and almost all short-distance contacts could be explained in this way (Fig. 4A) . The breakdown of the contributions from the three major sources of exceptions at large distances d min > 15 Å is quite robust to the exact choice of the threshold value (Fig. S5) . Exceptions arising from homo-oligomeric interfaces, structural variation, and conformational change have GREMLIN coupling strength distributions essentially identical to coevolving residue pairs in contact in the monomeric structure (Fig. S3B) , suggesting that the former and the latter are under equivalent evolutionary selection pressure. In contrast, the GREMLIN score distribution of the remaining unexplained exceptions is closer to the background distribution for residue pairs picked at random (Fig. S3B) . Thus, a significant portion of the unexplained exceptions have lower GREMLIN scores and are likely mispredictions. Imposing a threshold of 0.5 on the GREMLIN score removes a considerable fraction of the unexplained exceptions; all but 0.8% of top coevolving pairs with GREMLIN scores above this value are either directly in contact or are in one of the three classes of explained exceptions (Fig. 4B) .
There are still ∼25% (or 1,000 in absolute number) of directly coupled long-distance (d min > 15 Å) exceptions that remain unexplained. Inspection of several such cases suggests that even in this class, many of the residue pairs are in close contact in a biologically relevant conformation. For example, the CysB protein from Gram-negative bacteria (PDB entry 1AL3), while a monomer in the crystal and in the biological unit, is a tetramer (dimer of dimers) in solution (28) , and nearly all of the unexplained coevolving residue pairs are in contact across a crystal packing interface. Similarly, the bacterial LuxO protein, in the AAA+ ATPase superfamily of ring-shaped assemblies, is a monomer in the structure and biological unit structure (PDB entry 5EP2) (29) but clearly hexameric, and the unexplained exceptions are across the hexamer interface. In both of these two cases, the biological unit definitions provided in the PDB file are likely incorrect. Also in this category are unexplained exceptions consistent with the homodimeric structure in the asymmetric unit of PDB entry 3IHUA for which the biounit is listed as monomeric; the structure is unpublished. A different source of error is exemplified by the heterodimer of two homologous but not identical proteins ChsE4 and ChsE5 from Mycobacterium tuberculosis (PDB entry 4X28) (30) . GREMLIN identifies strongly coupled residue pairs across the heterodimer interface that are (incorrectly) also predicted for the individual proteins, as both are included in the MSA for the family. Similarly, the heterodimeric interface contacts between ketosynthase and chain length factor from PDB entry 1TQY (31) are incorrectly attributed to each of the two subunits. In all of these cases, the unexplained exceptions correspond to biologically relevant contacts but were missed in our large-scale analysis above due to incomplete (or improperly annotated) PDB data or because of divergence of homo-oligomers into heteroligomers.
It has been suggested that residue-residue coupling can arise at long distances due to allosteric networks between residues. For example, residues distant from the active site in dihydrofolate reductase (DHFR) influence enzyme catalysis, and statistical coupling analysis (32) has suggested these residues are strongly correlated with a sector of evolutionary coupled sites within the protein (33) . However, all of the directly coupled sites in DHFR are close in the 3D structure ( Fig. 5A and Fig. S9A ), suggesting that the distant residue pairs identified previously are no more coupled than any pair of residues connected by a chain of contacting residue pairs in the structure. There are also no direct couplings between residues interacting with an allosteric inhibitor of the enzyme cathepsin K (34) and the active site ( Fig. 5B and  Fig. S9B ). The correlations observed in the previous studies evidently result from chaining together of the direct couplings between physically contacting residues that are the immediate subject of evolutionary selection. We also did not observe any stronger direct couplings between contacting residues on possible paths between allosteric and functional sites than between other contacting residue pairs in the structure (Fig. 5 A and B ; the most strongly coupled pairs are connected by yellow tubes).
Conclusion
We can account for a substantial fraction of the directly coupled coevolving residue pairs that are distant within monomeric structures. The vast majority of short-distance exceptions (5 Å < d min ≤ 15 Å) are likely due to structural variation within a family. At longer distances (d min > 15 Å), the major source of exceptions are interactions across homo-oligomeric interfaces. A substantial fraction of the remaining exceptions are in repeat proteins. We see little evidence for a contribution from long-range allosteric coupling.
These observations have implications for coevolution guided structure prediction. First, repeat protein structure prediction using coevolutionary information should be undertaken only with very carefully constructed MSAs and using methods that explicitly account for the translational symmetry (25) . Second, for very large families, contacts should be predicted using the subset of sequences most closely related to the query sequence to reduce the effects of structural variation within the family (alternatively, when evaluating the fit of contacts to models, the extent of direct evolutionary coupling between residue pairs in the 5-15 Å range should be assessed in the neighborhood of the query sequence). Third, coevolving directly coupled residue pairs separated by more than 15 Å in predicted monomer structures should be used to guide homo-oligomer docking calculations.
More generally, our results support the idea that evolution operates on physically interacting residue pairs very much more strongly than residues involved in long-range allosteric networks.
Methods
Protein Structure Datasets. The analyses in this paper are based on the following three datasets prepared from the PDB. X-ray set. A nonredundant set of 9,846 protein chains was collected by the PISCES server (35) X-ray set of different resolutions. PISCES server was run several times to select X-ray structures with different crystallographic resolutions ranging from 0 to 8 Å at 1 Å resolution bins. As previously, only chains with at least 40 residues were considered; no R-factor cutoff was imposed. Majority of X-ray structures in the PDB have resolution in the 1-4 Å range. The number of structures selected in ranges [(1;2), (2;3) and (3:4)] was limited to 500 to avoid unnecessary large samples of structures within these resolution bins. NMR set. PDB (36) was searched for solution NMR structures with ≥40 residues per chain, resulting in an initial set of 5,758 proteins. We selected 922 proteins with highly populated MSAs (M eff > 10 3 ). For each of the selected proteins, we then checked whether an alternative X-ray structure with resolution ≤3.5 Å exists in PDB. The final set contains 222 proteins with both solution NMR and at least one crystallographic structure resolved.
Identification of Coevolving Directly Coupled Residue Pairs. For every protein sequence in each PDB set, an MSA was first constructed by the HHblits program (37) (with parameters -n 8, -e 1E-20, -maxfilt ∞, -neffmax 20, -nodiff, -realign_max ∞) run against the UniProt database (38) and then filtered by HHfilter to exclude highly similar sequences at 90% identity cutoff as well as sequences with coverage <75%. MSA positions that contain >25% of gaps were also eliminated. The GREMLIN pseudolikelihood method (2, 39) was then used to identify directly coupled residue-residue pairs from the resulting MSA. In the GREMLIN model, the probability of a sequence of length L is proportional to expð mi over all N sequences in the MSA, where m i is the number of all sequences in the MSA (including itself), which share at least 80% sequence identity with the current sequence i.
Amino Acid Frequency Distribution Normalization. To obtain normalized frequencies of amino acid pairs of coevolving residues in different distance bins, we first counted the number of GREMLIN directly coupled pairs in the distance bin n 
